In response to national calls to better align physics laboratory courses with the way physicists engage in research, we have developed an epistemology and expectations survey to assess how students perceive the nature of physics experiments in the contexts of laboratory courses and the professional research laboratory. The Colorado Learning Attitudes about Science Survey for Experimental Physics (E-CLASS) evaluates students' epistemology at the beginning and end of a semester. Students respond to paired questions about how they personally perceive doing experiments in laboratory courses and how they perceive an experimental physicist might respond regarding their research. Also, at the end of the semester, the E-CLASS assesses a third dimension of laboratory instruction, students' reflections on their course's expectations for earning a good grade. By basing survey statements on widely embraced learning goals and common critiques of teaching labs, the E-CLASS serves as an assessment tool for lab courses across the undergraduate curriculum and as a tool for physics education research. We present the development, evidence of validation, and initial formative assessment results from a sample that includes 45 classes at 20 institutions. We also discuss feedback from instructors and reflect on the challenges of large-scale online administration and distribution of results.
I. INTRODUCTION
Laboratory courses offer significant opportunities for engagement in the practices and core ideas of science. Laboratory course environments typically have apparatus, flexible classroom arrangements, low student/teacher ratios, and opportunities for collaborative work that promote students' engagement in a range of scientific practices (e.g., asking questions, designing and carrying out experiments, analyzing data, developing and refining models, and presenting results to peers). Creating such opportunities requires significant investments in physical space, sophisticated equipment, and instructor support. Despite the abundant opportunities and resources in many laboratory courses, concerns are frequently raised about how effective such courses are at fulfilling their potential.
1,2 Problems often manifest themselves as a gap between the kinds of practices going on in the laboratory classroom and the practices going on in professional scientific research and engineering labs. Sometimes gaps result from differing goals between lab courses and research experiences, while other times gaps result from good intentions, but poor implementation of the goals within the curriculum. There are many calls to transform lab courses coming from the physics education community, 3 the life sciences, 4 and national science policies promoting the retention of STEM majors and the development of the STEM workforce. 5, 6 One theme that spans these calls is students should develop habits of mind, experimental strategies, enthusiasm, and confidence in research through effective laboratory courses.
A variety of responses have emerged for improving laboratory experiences within the physics curriculum. Some laboratories have introduced new educational technologies (e.g., microcomputer-based labs 7 and VPython 8,9 ), others have added an emphasis on particular scientific practices (e.g., measurement and uncertainty 10, 11 , developing testable questions and designing experiments 12, 13 , and scientific argumentation 14 ) , while others have pushed the lab course closer to cutting edge research by introducing modern physics concepts and apparatus (e.g., single photon quantum optics experiments 15, 16 ), while others have demonstrated improved conceptual learning gains through research-based lab activities. 17 The diversity of responses reflects both the diversity of goals for the laboratory and the flexibility and adaptability of the laboratory environment to meet many different goals. Given this wide range of modifications to the laboratory curriculum, there is a need for evaluation tools for lab courses that allow instructors to iteratively improve their course offerings, and for tools to give physics education researchers insight into effects of different course modifications on student learning. We have developed, validated, and collected initial results on a national-scale for a new epistemology and expectations (E&E) survey [18] [19] [20] [21] [22] [23] called the Colorado Learning
Attitudes about Science Survey for Experimental Physics (E-CLASS). 24, 25 An E&E survey is well-suited to assessing the present situation in laboratory instruction for four reasons.
First, E&E surveys are not directly tied to specific content, which increases their applicability in the already-existing wide range of laboratory courses. Second, the habits of mind and ways of thinking probed in E&E surveys represent a significant course goal for many instructors. Third, in lecture courses, there is a demonstrated link between students' epistemology and their learning, 26 ,27 yet there is no epistemology assessment tool specifically designed for laboratory-centered instruction. Fourth, E&E surveys are of most value when evaluating educational environments that have significant differences from professional practice.
On the surface, lab classes have much in common with professional research (e.g., making
predictions, carrying out experiments, analyzing data), yet the character of these activities may be significantly different in the two contexts. This suggests lab courses may sometimes unintentionally confuse students' ideas about the nature of knowing and learning experimental physics. However, as lab courses are transformed to include more skills that prepare students for research, we expect gaps between students' and experts' epistemological beliefs about experiments will also narrow.
The process for the development and validation of the E-CLASS as a course assessment tool for laboratory instruction broadly aligns with the procedures laid out in Adams and
Wieman's article on the Development and Validation of Instruments to Measure Learning of Expert-Like Thinking, 28 which aligns with the Standards for Psychological and Educational Assessment. 29 Our process begins with the identification of key areas of importance to instructors where students often differ from experts. We then present our overall design criteria for the survey development. Our development continues on to the validation and refinement of a ready-to-administer online assessment tool. Initial results from the Fall 2012
and Spring 2013 semesters are presented as they appear in a typical post-semester report sent to instructors as a formative assessment tool. We conclude by giving an overview of the level of participation across all classes, summarizing difficulties in achieving consistently high levels of participation, and looking at future research questions that can be answered using the E-CLASS.
II. IDENTIFYING DIFFERENCES BETWEEN EXPERTS AND NOVICES IN EXPERIMENTAL PHYSICS
Like any tool for assessment of instruction, the E-CLASS must meet the triple criteria of (1) measuring something that experts and instructors care about (i.e., it should be aligned with widely accepted course goals), (2) targeting areas where students may not be meeting instructors' goals, and (3) accurately capturing some aspects of student thinking and learning.
In order to measure something that most instructors care about, we aligned the survey with a set of consensus learning goals developed for our lab curriculum for physics majors, 30 though there is considerable overlap with similar goals established by AAPT for the introductory labs. 3 Broadly, these goals were: modeling physical systems, modeling the measurement tools, statistical analysis, design of experiments and apparatus, troubleshooting, communication of scientific arguments, communicating in genres relevant to scientists, and technical lab skills using common lab equipment and software. Beyond these learning goals that emerged through a departmental consensus-building process, we followed other E&E surveys such as the Colorado Learning Attitudes about Science Survey (CLASS) by also considering students' affect and confidence when doing physics experiments and their identity as researchers.
In order to ensure the E-CLASS meets the second criteria of probing areas where students may not be meeting instructors' goals, we aligned the survey with several common challenges that instructors have found in our lab courses at the University of Colorado Boulder and are common elsewhere. We knew many students found the labs very time-consuming and many students disliked our introductory lab course. Does this impact their general enthusiasm for doing experiments in a research setting? Students repeat historic experiments with known results rather than asking their own questions and designing experiments to investigate them. Does this impact how they think about the roles of asking questions, design, and confirmation in conducting research? Students are often confronted with a range of new measurement tools and apparatus. Do our students treat the apparatus as something to be understood and explored or as a "black box"? Uncertainty analysis and error propagation has played a significant role in our curriculum as well. Do our students see uncertainty as a tool for better understanding their data and refining their experiment, or is it just an algorithmic calculation that comes at the end of the lab report? As the final step of most of our lab activities, students complete a lengthy written report that often takes more time to complete than they spend working with the equipment and taking data. Do students see writing lab reports as an exercise in scientific communication or merely in meeting the instructor's grading expectations? For fear of cheating in our large introductory course, students have often been required to work individually in the lab. When students work by themselves, does it affect the role they see for collaboration within scientific research or lessen the value they place on presenting ideas to peers? These kinds of concerns helped us target the E-CLASS statements on areas where we may see larger signal and provide relevant information for formative assessment.
The final criteria, that the E-CLASS should accurately capture some aspects of students' thinking and learning, is explored in the following sections as we articulate more clearly what is probed (Sec. III), and then present evidence of validity (Sec. IV).
III. SURVEY DESIGN CONSIDERATIONS

A. Measuring epistemology and expectations in the lab
The E-CLASS was designed to survey students' epistemological beliefs and their expectations. Epistemology refers to theories of the nature of knowledge, knowing, and learning in the discipline. As a course assessment tool, we wanted to cover many important aspects of experimental physics. Probing a wide range of epistemological statements allows the survey to have relevance in courses that have a wide range of goals. We also take a resources perspective [34] [35] [36] on the nature of these epistemological beliefs. This means that we don't expect students to hold particularly coherent epistemological stances as though they had some well-developed world-view of doing physics experiments. Instead, we expect students to draw on a range of resources and experiences when responding to each statement, and responses might sometimes be in apparent contradiction with each other due to contextual differences (e.g., Sec.
V C shows an apparent contradiction in students' epistemology about the role of experiments for generating new knowledge). Fig. 4 ), instructors can quickly identify items of most concern and start to consider aspects of their course that may influence this area of experimental epistemology. Although categories were not used in this initial version of E-CLASS, they may increase the survey's utility for broadly contrasting the epistemological impact of different curricular approaches. The introduction of categories will be reconsidered in future versions of the survey.
IV. ITERATIVE VALIDATION AND REFINEMENT OF THE SURVEY
A. Lessons from early student interviews
The initial development of the E-CLASS survey was based closely on the well-studied CLASS survey 23 that has found significant use in undergraduate physics courses both in the United States and internationally. 37, 38 We had reason to believe a straightforward adaptation might be possible. A similar process of adapting CLASS from physics to chemistry 39 was accomplished through a straightforward modification of many statements by changing the word "physics" to "chemistry," by focusing attention on chemical formulas in addition to mathematical formulas, and by adding 11 new statements involving chemistry-specific ideas.
Validation interviews and faculty surveys for the CLASS-Chem showed the survey had a similar level of expert and student validity as the original CLASS-Phys. We developed our own minimal adaptation by replacing many uses of the word "physics" or "physics problem" with "experiment," and developing several new questions as well. But in a series of 11 student validation interviews in Fall 2011, a substantial number of issues arose. One of the most significant issues was that the phrase "physics experiment" is used to refer to activities in a lab class and to the kinds of experiments that professional researchers engage in. Depending on the exact statement, students switched between a context of classroom laboratories, everyday life, and professional physics experiments, and their answers could depend very strongly on which context they chose. In addition, students often commented that they were unsure whether they should answer "What do I think?" or "What should I think?" when asked to rate their level of agreement about a statement like "When doing an experiment, I just follow the instructions without thinking about their purpose." The final difficulty of this early version of the survey was that it did not probe many aspects of experimental physics that we viewed as important (i.e., it was too disconnected from our learning goals).
Because of these early interviews and a desire to more strongly link to the consensus learning goals, the later iterations of E-CLASS began to differ more significantly from CLASSPhys. The primary changes were (1) that we focused the context of students' responses to either be about "experiments for class" or about "research," (2) How important for earning a good grade in this class was understanding how the measurement tools and sensors work?
1 2 3 4 5 Unimportant Very Important
How important for earning a good grade in this class was reading scientific journal articles?
1 2 3 4 5 Unimportant
Very Important "What do YOU think when doing experiments for class?" and "What would experimental physicists say about their research?" The second emphasis of the interviews was on the wording of individual statements to make sure they could be readily interpreted by all levels of undergraduate students. The third focus was on how students interpreted the phrase "experimental physicists" and whether that could be replaced with more general language of "scientists." We discuss each of these aspect in turn.
C. Evidence of validity through student interviews
In order to ensure reliable interpretation of the context for students' responses to the epistemology statements, we found it necessary to clarify "What do YOU think?", which was the prompt used in the paired CLASS-Phys. Most frequently, students answered "What do YOU think?" by reflecting on their prior experience in lab classes, but students with prior research experience, especially upper-division students, often would switch to a context of their own personal research experience if it seemed to fit. The final wording "What do YOU think when doing experiments for class?" ensures students maintain a consistent context for reflecting on "doing physics experiments." This wording also aligns with the default interpretation of students who have never taken a physics lab prior to taking the E-CLASS.
Such students typically referred to their experiences in a high school or introductory collegelevel science lab or to in-class demonstrations that involved observations of real phenomena.
The question "What would experimental physicists say about their research?" also went through successive iterations. Because experiments exist in very different forms in both research and teaching labs, and because professional physicists participate in both of those environments (as either teachers in teaching labs or researchers in research labs), we restricted the context of the question to research. The use of "experimental physicists" rather than "physicists" arose in the interviews to clarify the question for upper-division students who are becoming more aware of the professional culture within physics. In the interviews, it was suggested theoretical physicists may hold differing views, particularly regarding statements about enjoyment while doing experiments or building things and working with their hands.
In summary, the use of the paired statements "What do YOU think when doing experiments for class?" and "What would experimental physicists say about their research?" clarifies students' interpretation of the questions and also clarifies the meaning of the E-CLASS as an assessment tool. In this final form, the E-CLASS measures students epistemological beliefs about physics experiments in the two contexts where such experiments occur: in the laboratory classroom and in the research lab. The E-CLASS becomes a tool to assess students' perception of the gap between their own classroom experiences and what they perceive to be the nature of authentic science. While the E-CLASS uses pairs of statements in two different contexts for the reasons stated above, it does differ from the paired CLASSPhys 42 , which used the same general context (neither classroom nor research) for evaluating students' views of personal and expert epistemology.
The second focus of these validation interviews was to refine individual question wording.
For instance, in a trial administration of the E-CLASS in Spring 2012 to introductory students at CU, we found that the majority of students agreed with the statement "I can read a journal article for understanding." Given the difficulty of reading the professional literature for graduate students, we were surprised that so many introductory students would agree with this statement. Through targeted validation interviews, we found that many students set a low bar for "reading for understanding" that was equated with "getting the gist of the article." Also when discussing "journal articles," some introductory students mentioned popular science articles (e.g., Scientific American) rather than professional research literature that was intended in our question. The third aspect of the interviews dealt with the concern of some instructors that most introductory physics courses primarily serve non-physics majors, and the use of the phrase "experimental physicists" makes an unhelpful distinction between experimental physicists and other scientists and engineers. In particular, some faculty were worried the language may alienate students who are not physics majors by suggesting the material is only relevant to this small group of people called "experimental physicists." A final series of interviews was conducted to better understand what comes to mind when students think about "physicists" and "experimental physicists." The outcome was that most students were more aware of physicists famous for their theoretical ideas (e.g., Newton and Einstein), and had trouble naming any experimental physicists. In addition, many introductory-level students were unfamiliar with the distinctions of theorist and experimentalist, but they still interpreted "experimental physicists" straightforwardly as "physicists who do experiments." So the clarification does not obscure students' interpretation, but may help depending on whether a student is aware of the broader community of professional physicists. We also investigated replacing the term "experimental physicists" with "scientists." In interviews, students found "scientists" too general to answer the questions because they realized that scientists' typical activities could differ substantially between disciplines (e.g., an experimental physicists versus a field ecologist). Lastly, even though the context was specific to experimental physics, most students still felt that the statements emphasized broadly relevant experimental skills that could be applied to their own discipline.
In order to gather evidence of validity across the broad population of students taking physics laboratory courses, altogether 42 interviews were conducted. There were 24 students interviewed who had never taken any college physics lab classes, Table I .
Despite the fact that a few of the questions had lower levels of expert consensus, we justify the inclusion of these statements for the following reasons. The first three statements in 
E. Convergent validity
Evidence of convergent validity of an assessment tool shows that the assessment results are correlated with other established measures, such as course performance or GPA. On similar assessment tools, such as the CLASS, it is found that students with more expert-like perspectives on physics and learning physics tend to do better in their physics courses. 43 To date, we have not had access to course grade data to correlate with E-CLASS scores, though we plan to do this analysis in upcoming semesters. On the other hand, our current data set does contain a student population that includes many introductory-level non-physics majors and upper-division physics majors. We expect that students who are majoring in physics and are taking upper-division labs would tend to have more expert-like views. When comparing students in algebra-based physics labs to students in upper-division labs and averaging across Workinguinuaugroupuisuanuim port ant upart uofudoinguphysics experim ent s. tory through upper-division classes. However, because interviews revealed greater differences in epistemological sophistication than was indicated by Likert-scale responses, any comparisons between different levels of courses should be limited until higher-level questions are added to future versions of E-CLASS and additional validity studies are performed.
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V. E-CLASS RESULTS AS A COURSE ASSESSMENT TOOL
The E-CLASS was designed with two purposes in mind. The first purpose was as an assessment tool for laboratory courses. The second was as a physics education research 
B. Expectations
The results discussed so far in Figs "How important for earning a good grade in this class was..." are shown in Fig. 6 . Such a plot allows instructors to see whether students' perceptions of the grading priorities for the class actually align with their own personal goals as instructors.
C. Personal and professional splits
The third area probed by the E-CLASS is students' epistemology regarding physics experiments done for research. Data for this aspect of students' epistemology are shown in green in Fig. 7 . Although the data shown are for a subset of 3 of the 30 questions, we the divide between students and experts is so striking that we plan to conduct follow-up
interviews to see what students are attending to and how it might differ from experts. One hypothesis based on our own experience teaching lab courses is that an overemphasis on wellformatted lab reports may be misrepresenting the priorities of scientific communication.
14,44
The statement with the second least expert-like result is "The primary purpose of doing a physics experiment is to confirm previously known results." Only about 40% of students disagreed when asked "What would experimental physicists say...," while 100% of experts disagreed. This response is in apparent contradiction with the result that 94% of students in the same class agreed with the statement "Physics experiments contribute to the growth of scientific knowledge." This contradiction between two similar items extends beyond this class and is robust across a wide population of students and courses. We plan to conduct a follow-up study to locate the source of the source of the contradiction, but from a resources perspective, it could be that subtle contextual features of the statements are triggering different epistemological resources.
36
D. Course participation
In addition to summarizing the class' responses to each individual statement and question,
we also provide instructors with a summary of their students' participation in the E-CLASS survey (Table II) . The classroom participation data shown in Table II Currently, we know of six schools that are actively using the E-CLASS reports as an assessment tool for their curricula. Four schools are using it for evaluation of significant curricular changes to their introductory lab sequence, while two others are using it for evaluations of upper-division laboratory courses. We are actively soliciting feedback from instructors on how to make our survey and reports more useful for course evaluation. In response to feedback on the Fall 2012 E-CLASS reports, we now include: a summary table of class participation (Table II) , an overall E-CLASS score for the entire class displayed as a bar graph (Fig. 5) , and the "How important for earning a good grade..." information is presented graphically rather than as a table (Fig. 6) . Additional input from instructors will allow us to further condense our reports and bring out the most salient features. Our efforts to provide efficient and helpful information to faculty about their courses and to have this Although we received responses from a large number of institution and classes, the response rate in about half of those classes was disappointingly low. Fig. 9 shows the distribution of E-CLASS response rates for all 45 classes. Only 20 of the 45 classes had a matching pre/post response rate higher than 40%. By comparison, when other surveys, such as CLASS-Phys, are routinely administered at CU for a small amount of credit and with multiple reminders from the instructor, the response rate is typically between 45% and 60%. The lowest E-CLASS response rates occurred when faculty chose not to give any credit for completion of the survey, which is contrary to established recommendations for achieving high levels of participation.
28
B. Administration
Delivering the survey online made it easy for instructors to adopt the E-CLASS in their classes. However, the full administration of the survey was still highly labor intensive and required many steps for each individual class. Based on these experiences, future versions of the E-CLASS will likely be administered in a more unified online environment. In this unified environment, instructors would be able to create an account for their class, enter basic information about their class and institution, get a unique survey link to send to their students, have immediate access to lists of students completing the survey, and have immediate access to the aggregate E-CLASS report after the close date on the survey. We hope that by providing an integrated environment for the survey and results, instructors will receive information in a timely manner, that the E-CLASS can more easily be integrated into courses, that students will respond at a higher rate, and that there will be fewer errors in selecting the appropriate course names and course sections.
VII. CONCLUSIONS
The E-CLASS survey was motivated by the evident gap between common student practices in many laboratory courses and the epistemological beliefs, habits of mind, and scientific practices essential for successfully engaging in research. The E-CLASS was developed as an epistemology and expectations survey to directly assess students views of doing physics ex- . Future work will discuss the curricular details of these lab-centered courses and the influence they may be having on students'
epistemology. As the administration and processing of results continues to be streamlined, we plan to provide access to any interested instructors nationally and internationally.
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Appendix: List of E-CLASS Statements
